Introduction
============

Antimicrobials have been used in human and veterinary medicine for more than 60 years. Almost simultaneously, the use of antimicrobials has been applied in agriculture to prevent, control, and treat infections and to improve growth and feed efficiency.[@b1-idr-8-049],[@b2-idr-8-049] The importance of the positive effects of the use of antibiotics in agriculture is summarized in a World Health Organization reference, in which it is stated that "antimicrobials are vital medicines for the treatment of bacterial infections in both humans and animals. Antimicrobials have also proved to be important for sustainable livestock production and for the control of animal infections that could be passed on to humans."[@b3-idr-8-049] Still, the overuse or misuse of antimicrobials has been blamed for the selection of resistant isolates, giving birth to the term antimicrobial resistance.[@b4-idr-8-049] According to the World Health Organization, the following definition has been given: "Antimicrobial resistance ... is resistance of a microorganism to an antimicrobial drug that was originally effective for treatment of infections caused by it."[@b5-idr-8-049] Still, the link between use and overuse of antibiotics and resistance is not easy to follow, as antimicrobial resistance is a very complex and nonvictimless phenomenon affecting both human and animal health.[@b6-idr-8-049]

The rise of antimicrobial resistance after the first use of antibiotics should have been expected.[@b2-idr-8-049] Bacteria are quite adaptive organisms that have survived multiple environmental stresses during their existence on the planet. Still, the emergence of antibiotic-resistant bacteria occurred quite shortly after their first use. In 1948, *Staphylococcus aureus* strains isolated from patients in British hospitals were found to be resistant to penicillin,[@b7-idr-8-049] and in the same year, soon after the drug's first use, resistance to streptomycin was observed in *Mycobacterium tuberculosis* isolates.[@b8-idr-8-049] In the 1950s, antimicrobial resistance was confirmed in other pathogenic bacteria, such as *Escherichia coli*, *Shigella* spp., and *Salmonella enterica*,[@b9-idr-8-049]--[@b11-idr-8-049] whereas in the 1960s, antibiotic-resistant bacteria such as extended spectrum β-lactamases (ESBLs) producing Enterobacteriaceae, vancomycin-resistant *Enterococcus* spp. (VRE), methicillin-resistant *S. aureus* (MRSA), and multi-drug-resistant *Acinetobacter baumannii* were encountered.[@b11-idr-8-049]--[@b13-idr-8-049] Concerning outbreaks resulting from resistant bacteria from animals, data are limited, mainly because of the difficulty in discriminating the origin of these bacteria. Therefore, outbreak data traced back to animal can be safely attributed when the vehicle of transmission is food of animal origin.

Antimicrobial use in agriculture, animal husbandry, and aquaculture
===================================================================

Antimicrobials have been used in animals for treatment of diseases, for prevention and control of diseases, and also as growth promoters.[@b13-idr-8-049] Therapeutic use of antimicrobials in animal husbandry should be accompanied ideally by an antimicrobial susceptibility test. According to the determination of the results, the drug's attributions (pharmacodynamics, pharmacokinetics, toxicity, and tissue distribution), the age, the immune status of the animal, the cost of the drug, and the approval of the species, the appropriate drug is chosen.[@b14-idr-8-049] However, in the case of infectious diseases, usually the whole flock is treated to prevent the dissemination of illness in the flock, despite the exhibition of clinical symptoms in a few animals. This is known as metaphylaxis, in which usually high doses of antibiotics are given for a short period. Still, the red line between use of antibiotics for treatment or prevention is not clear.[@b15-idr-8-049],[@b16-idr-8-049] In contrast, the use of antimicrobials for prevention (also known as prophylaxis) refers to the administration of antimicrobials in the feed or the drinking water in low doses for a longer period of time, usually for several weeks. During this period, the animals are not showing clinical signs, but the risk for infection exists.[@b16-idr-8-049]

The benefits of use of antimicrobials as antimicrobial growth promoters were first reported by Stokstad and Jukes,[@b17-idr-8-049] when they noticed that small subtherapeutic doses of penicillin and tetracycline could enhance weight gain. Antimicrobial growth promoters are no longer permitted in the European Union, but they are still used in North America and other countries.[@b16-idr-8-049] Subtherapeutic levels of antibiotics promote growth, but still the mechanism of this action remains unclear. Among the hypotheses tested are the stimulation of intestinal synthesis of vitamins, the reduction of total bacteria in the intestinal tract and the subsequent reduction in nutrient competition between microorganisms and host, the inhibition of harmful bacteria, the reduced immune stimulation, and the modification of rumen microbial metabolism.[@b18-idr-8-049],[@b19-idr-8-049] These subtherapeutic doses are not sufficient to destroy the target bacteria, allowing the more resistant of them to survive.[@b16-idr-8-049] A few years ago, the US Food and Drug Administration issued draft guidance to animal farmers, veterinarians, and drug makers, which represents a step toward stopping antibiotic use for growth promotion.[@b20-idr-8-049] In the European Union, antimicrobial growth promoters were withdrawn in 2006, although ionophores continue to be administered in feed.[@b21-idr-8-049]

The use of veterinary antimicrobial agents in food-producing animals in countries of European Union and the United States of America is presented in [Tables 1](#t1-idr-8-049){ref-type="table"} and [2](#t2-idr-8-049){ref-type="table"}, as reported by the European Medicines Agency,[@b22-idr-8-049]--[@b25-idr-8-049] and the US Food and Drug Administration.[@b26-idr-8-049]--[@b29-idr-8-049] According to these data, the consumption of antibiotics for animal use has been augmented by \~4% in the European Union, whereas in the United States, it follows an ascending trend, despite the call for limiting antimicrobial use in livestock.

In cattle, antimicrobials such as amoxicillin, penicillin, erythromycin, quinolones, gentamicin, novobiocin, tylosin, tilmicosin, and tetracycline are extensively used. In meat-producing animals, antibiotics are mainly used for the treatment and prevention of bovine pneumonia, diarrhea, and shipping fever, which are the most common problems.[@b29-idr-8-049] For the treatment of pneumonia, oxytetracyclines and spectinomycin are the first-choice antibiotics, with florfenicol and macrolides (particularly tilmicosin) considered as the second choice, with second-, third-, and fourth-generation cephalosporins being the last choice.[@b30-idr-8-049] Still, antibiotics are administered at least once via feed for various reasons, such as liver abscesses, increased growth, and respiratory diseases.[@b31-idr-8-049] The use of narrow-spectrum antimicrobials is favored in cases of clinical mastitis, with first-choice antimicrobials being the β-lactam antimicrobials used when treating mastitis resulting from streptococci, or penicillin when treating mastitis caused by staphylococci.[@b30-idr-8-049],[@b32-idr-8-049] In certain cases, the use of antibiotics intramammary in the nonlactating period is given to the whole herd to prevent infectious mastitis.[@b32-idr-8-049]

In pigs, the current trends in husbandry require animal segregation in groups according to age, where pigs are of similar size and weight, and therefore the antimicrobials can be administered in groups of pigs via the oral route by addition in the feed or water.[@b33-idr-8-049],[@b34-idr-8-049] Individual therapy of pigs by injection of antimicrobials is mainly considered in pigs reared for reproduction. Use of antimicrobials for prevention is a common practice in pig farms, especially in stressful periods that predispose for infectious diseases. Such periods are the time between birth and first lactation, where the cut of the umbilical cord and tail and the trimming of the canines takes place; the ablactation period, where the environment and diet change and the castration of males and vaccinations take place; and finally the fattening period, where overcrowding, inadequate aeration, and low or high temperatures can form a quite stressful environment.[@b35-idr-8-049] Prophylactic use of antimicrobials is considered to be higher in the ablactation period, whereas at the end of fattening pigs, they do not receive antimicrobials so as to avoid residues detection after slaughter. For the prevention and treatment of enzootic pneumonia, large quantities of various antibiotics are used, with the most common being ceftiofur, tetracyclines, tiamulin, lincomycin, and enrofloxacin.[@b29-idr-8-049],[@b34-idr-8-049] In addition, in bacterial enteritis, especially when the etiological agent is *E. coli* or *Clostridium perfringens*, antibiotic treatment with penicillins, tetracyclines (chlortetracycline, oxytetracycline), quinolones (enrofloxacin), or aminoglycosides (gentamicin, neomycin) is required. Finally, in swine dysentery (*Brahyspira hyodysenteriae*) and ileitis (*Lawsonia intracellularis*), lincomycin, tiamulin, macrolides, or tetracyclines are mainly used.[@b36-idr-8-049]

In poultry, antibiotics used for therapeutic reasons are usually administered through water, in contrast to growth-promoting use, where antibiotics are added in feed.[@b37-idr-8-049] The most commonly used antibiotics are penicillins (amoxicillin), quinolones (enrofloxacin), tetracyclines (doxycycline, oxytetracycline), macrolides (erythromycin, tylosin), aminoglycosides, the sulfonamide/trimethoprim combination, polymyxins (colistin), and other antimicrobials (tiamulin).[@b13-idr-8-049] In the United States, the abovementioned antibiotics are used, with the exception of fluoroquinolones.[@b34-idr-8-049]

The antimicrobials commonly used in sheep and goats are amoxicillin, ampicillin, ceftiofur, the combination of amoxicillin/clavulanic acid, enrofloxacin, erythromycin, lincomycin, oxytetracycline, sulfonamides, penicillin G, trimethoprim and sulfonamide combination, tylosin, and tilmicosin (with the exception of goats, where subcutaneous injection of tilmicosin has been linked to death).[@b38-idr-8-049] Ampicillin, erythromycin, lincomycin, the trimethoprim and sulfonamide combination, and certain sulfonamides (eg, sulfathiazole) can significantly alter the microbial flora of the rumen when administered per os, and in certain cases, they can lead to death.[@b38-idr-8-049] Therefore, in the mature small ruminants, it is preferable to administer antimicrobials in other ways than the oral route (feed or water), with the exception of certain sulfonamides and tetracyclines, which can be absorbed efficiently by the rumen.

Concerns about the extensive use of nontherapeutic agents have arisen after the duplication of the antimicrobial use in aquaculture in the decade 1994--2004.[@b39-idr-8-049],[@b40-idr-8-049] In aquaculture animals, several classes of antibiotics have been used. Among them are antibiotics such as sulfonamides, penicillins, quinolones, tetracyclines, and phenicols, which are listed as critically or highly important antimicrobials for human medicine.[@b41-idr-8-049],[@b42-idr-8-049] The last three antimicrobial classes are widely used in salmon farming. Quinolones, tetracyclines, and phenicols are selective for a variety of antimicrobial resistance genes that occur in transposons, plasmids, and integrons that, when mobile, can induce their dissemination.[@b42-idr-8-049]--[@b44-idr-8-049]

Antimicrobial resistance in various bacteria of animal origin
=============================================================

*Campylobacter* spp
-------------------

Thermotolerant *Campylobacter* spp. are one of the leading causes of foodborne disease worldwide. Although the disease is self-limiting with low mortality, the economic and public health consequences are quite severe, especially in industrialized countries.[@b45-idr-8-049] *Campylobacter* spp. isolates are reported to be resistant toward quinolones, macrolides and lincosamides, chloramphenicol, aminoglycosides, tetracycline, ampicillin and other β-lactams, cotrimoxazole, and tylosin.[@b45-idr-8-049]--[@b48-idr-8-049] Concerning macrolide resistance, the occurrence of erythromycin resistance is higher in *Campylobacter coli* than *Campylobacter jejuni* (0%--29% and 0%--20%, respectively). In contrast to macrolides, resistance to quinolones has emerged during the last 20 years, coinciding with the use of fluoroquinolones (mainly enrofloxacin) in veterinary medicine.[@b48-idr-8-049] In the Netherlands, an increase was observed in fluoroquinolone-resistant *Campylobacter* spp. of poultry origin a few years after the use of fluoroquinolones in the country.[@b49-idr-8-049] Regarding tetracyclines, they have been proposed as an alternative to *Campylobacter* spp. infection.[@b50-idr-8-049] Still, the susceptibility of *Campylobacter* spp. to tetracyclines shows major geographical differences and generally follows increasing trends, as shown in *Campylobacter* spp. human isolates over the course of the last 20 years in Canada[@b51-idr-8-049],[@b52-idr-8-049] and from 1989 to 1999 in Mexico.[@b48-idr-8-049],[@b53-idr-8-049] Concerning aminoglycosides, resistance has been low in most countries, with resistance to gentamicin reported in less than 2% of the isolates.[@b54-idr-8-049],[@b55-idr-8-049] Still, in the latest surveillance reports, up to 13.6% of the strains tested were resistant to gentamicin (as reported by Spain for 2012),[@b56-idr-8-049] and therefore sensitivity testing is advised. In addition, the resistance to gentamicin of *Campylobacter* spp. from meat from broilers in the European Union ranged from 0% to 6.3%.[@b56-idr-8-049] Similarly, in the United States, resistance of *C. coli* to gentamicin between 2007 and 2011 increased from almost zero to 12.2% for human isolates, 1% to 18% for chicken meat isolates, and 1% to 6% for chicken at slaughter isolates, whereas for *C. jejuni*, resistance remained low.[@b57-idr-8-049]

*Salmonella* spp
----------------

*Salmonella* is one of the most important foodborne pathogens. The National Antimicrobial Resistance Monitoring System (a collaboration among the US Food and Drug Administration, the Centers for Disease Control and Prevention, and the US Department of Agriculture) and the European Food Safety Authority, along with the European Centre for Disease Prevention and Control in Europe, are monitoring *Salmonella* susceptibility in isolates from farm animals, food stuff, and humans. In the case of *Salmonellae*, the link between antibacterial use and antibiotic-resistant strains at the farm level and the occurrence in humans is well established.[@b58-idr-8-049],[@b59-idr-8-049] Still, the role of crops where wastewater or manure is used for fertilization of the fields remains to be elucidated.

*Salmonella* has exhibited multidrug resistance to various agents, including tetracyclines, sulfonamides, streptomycin, kanamycin, chloramphenicol, and some of the β-lactam antibiotics (penicillins and cephalosporins).[@b60-idr-8-049]--[@b62-idr-8-049] It should be noted that the percentage of isolates resistant to these antibiotics has decreased or remained stable since 1996. In contrast, drugs such as amoxicillin/clavulanic acid, ceftriaxone, ceftiofur, and nalidixic acid follow an increasing trend.[@b63-idr-8-049] From 1998 to 2005, the percentage of amoxicillin/clavulanic acid- and ceftiofur-resistant isolates has increased from less than 2% to more than 15%, whereas ceftriaxone resistance increased from no resistance to \~1%. This increase in resistance in extended-spectrum cephalosporins is of utmost importance because ceftriaxone is used in severe salmonellosis in children.[@b64-idr-8-049] Resistance to more than one antibiotic has been noted as early as the 1960s.[@b65-idr-8-049] Nowadays, the most common multidrug resistance phenotype is the one conferring resistance to ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracyclines.[@b63-idr-8-049] It is also noteworthy that *Salmonella* spp. exhibit a remarkable ability to spread worldwide. One such example is the global dissemination of the MDR *Salmonella* Typhimurium DT104.[@b66-idr-8-049]--[@b68-idr-8-049]

*Staphylococcus* spp
--------------------

*S. aureus* is one of the most common human and animal pathogens. Bovine strains produce mostly beta-hemolysin, whereas human isolates have the ability to produce alpha-hemolysin.[@b69-idr-8-049] *S. aureus* was one of the first strains characterized as resistant to antimicrobials, with resistance to penicillins observed as early as 1948.[@b70-idr-8-049] Nowadays, resistance of human isolates to penicillin is recorded as up to 90%.[@b71-idr-8-049] Penicillin was first used in animal production in the late 1940s, mainly for the eradication or treatment of *Streptococcus agalactiae* in bovine mastitis. Its widespread use led to the selection of penicillin-resistant strains of *S. aureus*. Resistant pathogens have been noted in dairy milk, where according to Frey et al,[@b72-idr-8-049] 47% of coagulase-negative staphylococci showed resistance to oxacillin. Even though MRSA has been a major cause of hospital-acquired infections for more than 3 decades, MRSA clonal complex 398 (MRSA CC398), a new variant, has emerged in livestock.[@b73-idr-8-049] Nasal carriage of livestock-associated MRSA CC398 among farmers and other persons in contact with animals has been widely reported.[@b74-idr-8-049] Although MRSA CC398 is quite common among pigs, it does not seem to have pronounced host specificity, as it has been also isolated from cattle, dogs, horses, and chickens.[@b73-idr-8-049]

*Enterococcus* spp
------------------

Enterococci are commensal bacteria colonizing the intestinal tract of mammals and birds; they are considered indicators of enteric contamination of food and can survive in unfavorable environmental conditions such as high or low temperature, pH, and saline waters.[@b75-idr-8-049]--[@b77-idr-8-049] During the most recent 2 decades, enterococci have emerged as an important cause of nosocomial and community-acquired infections, which are difficult to treat because they exhibit resistance to antibiotics.[@b78-idr-8-049],[@b79-idr-8-049] In addition, a rapid increase of VRE, isolated from livestock and related food products, has been observed, probably as a result of the widespread use or misuse of glycopeptide antimicrobials such as avoparcin in food-producing animals in countries other than the United States.[@b80-idr-8-049],[@b81-idr-8-049] Vancomycin and teicoplanin are used for the treatment of human infections in case of resistance or allergic reactions to β-lactams; however, the therapeutic action of vancomycin has been limited because of the emergence of VRE.[@b82-idr-8-049],[@b83-idr-8-049] Enterococci of foodborne origin are not identified as a direct cause of resistant enterococci in humans, but they could pose a risk in transfer of resistance determinants to human-adapted strains of the same genus or other genera, as shown for vancomycin resistance in *S. aureus* and tetracycline and erythromycin resistance in *Listeria monocytogenes*.[@b77-idr-8-049],[@b80-idr-8-049]

ESBL-producing *Gram negative bacteria*
---------------------------------------

ESBLs are enzymes of Gram-negative bacteria conferring resistance against β-lactam antibiotics, such as third- or fourth-generation cephalosporins and monobactams. ESBL-producing Gram-negative bacteria have been reported in Europe and worldwide.[@b41-idr-8-049],[@b84-idr-8-049]--[@b86-idr-8-049] Most ESBL-producing bacteria are multidrug-resistant, and the majority of them are only susceptible to carbapenems.[@b21-idr-8-049] Infections caused by these multidrug-resistant bacteria are associated with high morbidity, high mortality, high health care costs, and limited therapeutical options.[@b41-idr-8-049]

Resistance genes of the ESBL type are mostly plasmid-associated, and therefore can spread among bacteria.[@b87-idr-8-049] Recently, there has been an ongoing concern about the dissemination of ESBL-producing strains in healthy food animals, with many reports referring to strains from Europe, Asia, and the United States.[@b70-idr-8-049],[@b88-idr-8-049] The increasing incidence of infection with ESBL-producing *E. coli* has been observed in food animals such as cattle, broiler chickens, and pigs.[@b41-idr-8-049],[@b87-idr-8-049] This observation suggests that animals, food, and environment are potent sources of ESBL-producing bacteria.[@b41-idr-8-049] According to Reich et al,[@b87-idr-8-049] ESBL-producing enterobacteria were isolated from 88.6% of carcasses and 72.5% of ceca at slaughter. Overdevest et al[@b89-idr-8-049] found a high prevalence of ESBL-coding genes in retail chicken meat (79.8%), with genetic analysis showing that the predominant ESBL-coding genes in chicken meat and human rectal swab specimens were identical. Other data show clearly that antibiotic administration to chickens leads to more ESBL-producing bacteria in chicken meat.[@b90-idr-8-049]

Modes of spread to humans from farm animals and food
====================================================

The possible transport routes between animals and humans are numerous. Still, the most probable ways of interaction are summarized in transmission through the food chain;[@b91-idr-8-049] through direct or indirect contact with people working in close contact with animals, such as farmers and animal health workers;[@b92-idr-8-049] and through manure contaminated environments and aquaculture.[@b93-idr-8-049],[@b94-idr-8-049] In particular, the role of the environment is extremely important, as it can serve as the reservoir of antibiotic-resistance genes.[@b95-idr-8-049],[@b96-idr-8-049]

Although the immediate risk from antibiotic-resistant foodborne pathogens is easier to comprehend, perhaps the most perilous situation is the transfer of antimicrobial resistance characteristics through the genetic pool contained in bacteria, bacteriophages, or DNA fragments. According to Rossi et al,[@b97-idr-8-049] horizontal gene transfer, the mechanism by which most bacteria could transfer antibiotic resistance genes, may occur in all matrices. Still, it is more probable in food categories containing high numbers of microbial cells (fermented, minimally processed, or raw foods).[@b97-idr-8-049] The cohabitation of these factors with pathogenic bacteria in various environments, and especially in the human gut, could result in the appearance of resistant strains. This has been shown in vitro by Toomey et al,[@b98-idr-8-049] who have demonstrated the transfer of erythromycin resistance genes from lactic acid bacteria to *L. monocytogenes*. In addition, Doucet-Populaire et al[@b99-idr-8-049] report the transfer of tetracycline and erythromycin resistance genes from *Enterococcus faecalis* to *L. monocytogenes* strains in vitro and in the gastrointestinal tract of mice. Ampicillin resistance has been transferred from *Salmonella typhimurium* to *E. coli* in milk and ground beef.[@b100-idr-8-049] Rizzotti et al[@b101-idr-8-049] have succeeded in transferring tetracycline resistance genes from *E. faecalis* to *Listeria innocua* in meat.

In addition, the transfer of resistance is well documented in bacteria of the same species in the human digestive tract. In *E. coli*, genes encoding ESBLs could be harbored in mobile genetic elements and could therefore be transmitted to other *E. coli* strains, as demonstrated in vitro.[@b102-idr-8-049] In addition, Leverstein-van Hall et al[@b103-idr-8-049] provide indirect evidence of transfer of resistance to β-lactamic antibiotics through the food chain. They report that 54% of the *E. coli* of human origin carried ESBL genes that were genetically identical to those of poultry origin. Therefore, bacteria that contain antimicrobial resistance genes can be an indirect public health hazard, regardless of their pathogenicity, as the available genetic pool of resistance is increased.

Health risks to humans
======================

The higher burden on human health of antibiotic-resistant foodborne pathogens versus antibiotic-sensitive ones has been well documented. Concerning *Salmonella* spp. and *Campylobacter* spp., the rise of antimicrobial resistance has resulted in an increased number of hospitalizations and increased morbidity and mortality. Doyle and Erickson,[@b104-idr-8-049] in a review of emerging pathogens from meat, report selected outbreaks in which increased severity was exhibited, coinciding with the etiological agents being antibiotic-resistant bacteria.

In general, the increased severity of infection resulting from antibiotic-resistant bacteria could be summarized as follows: Delay or failure of treatment. The administration of antibiotics in patients, especially in severe cases, is often given empirically before the results of the antibiogram. Therefore, antibiotic therapy fails. In some cases, the deterioration of the patient in the relapsed time is fatal.Limited choice of antimicrobials. The available antimicrobials are limited because of the emergence of antibiotic-resistant pathogens. In addition, the increased use of the effective antimicrobials increases the possibility of the appearance of new resistant strains.Selection of suppressed resistant pathogenic strains when antibiotic therapy is administered for treatment of other bacterial diseases.Coexistence[@b105-idr-8-049],[@b106-idr-8-049] and possibly increased regulation[@b107-idr-8-049] of pathogenicity genes with resistance genes as a result of selection. The result is the emergence of highly pathogenic strains that are resistant to antibiotics. As an example, in *S. typhimurium*, DT104 multiple antibiotic resistance is expressed by a gene cluster (SGI1), in which genes encoding virulence proteins are contained.[@b104-idr-8-049]

The human health risks associated with consumption of raw or unpasteurized milk and milk products are well established and have been previously reviewed by Oliver et al.[@b108-idr-8-049] In general, the precise quantification of the total effect of antibiotic resistance in terms of morbidity and mortality is quite difficult, as it is a problem added to the initial infection.[@b109-idr-8-049] Still, the severity of the infection in terms of the total duration and seriousness is expected to be more profound. It has been documented that the augmenting appearance of antibiotic-resistant bacteria has led to an increase in foodborne illnesses.[@b110-idr-8-049] More specifically, the augmenting percentages of antibiotic-resistant *Salmonella* spp. and *Campylobacter* spp. have been linked to increase in hospitalizations, risk for invasive infections, and mortality.[@b111-idr-8-049] According to European Centre for Disease Prevention and Control/European Medicines Agency,[@b112-idr-8-049] the burden of antibiotic-resistant bacteria that caused bloodstream infections in the European Union, Iceland, and Norway in 2007 was estimated to add 386,100 cases, 25,100 deaths, and 2,536,000 hospitalization days. Although the number of cases caused by Gram-positive antibiotic-resistant bacteria (namely, methicillin-resistant staphylococci and vancomycin-resistant enterococci) was comparable to that of Gram-negative bacteria, almost two-thirds of deaths were attributed to Gram negative antibiotic resistant bacteria.[@b112-idr-8-049]

Alternatives to nontherapeutic agents in agriculture and aquaculture
====================================================================

In an effort to estimate the increased health care economic burden of antibiotic-resistant bacteria, the National Academy of Sciences estimated that the annual cost ranged between \$4 and \$5 billion. Still, the loss of work days and productivity was not included.[@b113-idr-8-049] In 2009, the annual cost was estimated at between \$16.6 and \$26 billion by the Cook County Hospital and the Alliance for Prudent Use of Antibiotics, exhibiting the increased consequences of resistance to antimicrobials.[@b114-idr-8-049] Therefore, an urgent need to provide alternatives to antibiotics has been determined.

For proposing alternatives to antimicrobials, the initial scope of antibiotic usage, namely, therapy, should be considered. Prevention in the form of an immunization program by vaccination could limit the amount of antibiotics needed. In contrast, the cost of vaccination is usually high, and the cross-protection against some pathogens is limited.[@b115-idr-8-049] Another way of preventing disease occurrence is the improvement of the gut bacterial flora by the use of probiotics, prebiotics, and synbiotics, as revised by Callaway et al[@b116-idr-8-049] and Gaggia et al[@b117-idr-8-049] The health of the gut microbial microecosystem contributes largely to the immune system functionality and nutrient use and provides less space for pathogen colonization.[@b115-idr-8-049],[@b118-idr-8-049] In poultry, a significant decrease in *Salmonella* colonization has been shown after administration of commensal anaerobic bacteria. The low number of the newly discovered *Butyricicoccus pullicaecorum* isolated from broiler cecum has been positively correlated with inflammatory bowel disease, with the disease reversed after oral administration of the bacterium.[@b119-idr-8-049] In addition, selected yeasts with appropriate properties or certain genetically modified strains could be used as probiotics.[@b120-idr-8-049] Although the improvement of the gut health seems promising, there is a need to access the effectiveness and the underlying mechanisms.[@b119-idr-8-049],[@b121-idr-8-049],[@b122-idr-8-049]

The use of phages is quite intriguing, as they are characterized by specificity and selective neutralization of the pathogen of interest during the lytic phase of their life cycle. Furthermore, the use of phages is compatible with the use of other antimicrobials, as there is no influence between these treatments. Although promising, the use of phages has been limited to treatment of topical infections in humans,[@b123-idr-8-049] neutralization of foodborne pathogens in animals,[@b124-idr-8-049] and control of plant pathogens.[@b125-idr-8-049] Although they are considered more specific than antibiotics, they exhibit variable specificity, mainly influenced by the phage titer. Therefore, the effects of the phages on the microbiota, although expected to be lesser than those of the antibiotics, should be considered.[@b115-idr-8-049],[@b126-idr-8-049]

Research on antimicrobial peptides is increasing, and the acquired knowledge is showing the way for future pharmaceutical applications. Antimicrobial peptides can be an alternative to traditional antibiotics, although some of these have been shown to have toxic effects on mammalian cells. One category of antimicrobial peptides lacking toxicity is the bacteriocins, which are ribosomally synthesized peptides.[@b127-idr-8-049] Certain bacteriocins have already been used as food preservatives. Nisin A, a bacteriocin produced by lactic acid bacteria, is currently used officially in more than 50 countries, with the US Food and Drug Administration proposing a daily uptake of up to 2.9 mg per person per day.[@b115-idr-8-049],[@b128-idr-8-049] In general, they can be incorporated in a food product as an additive in the form of a purified compound, as a generally recognized as safe fermentate, or by adding the producer microbe as a starter culture.[@b128-idr-8-049] Still, bacteriocins in food production systems have been reported to reduce *Listeria* by only 1 or 2 log[@b10-idr-8-049].[@b129-idr-8-049] Therefore, bacteriocins could be sufficient for pathogen destruction only if they form part of a hurdles system in which several low-efficiency antimicrobial treatments are used to produce a safe food product.[@b128-idr-8-049] In addition, the optimization of bacteriocin production, possibly through genetic engineering of the producing bacterium, could increase its efficacy.[@b130-idr-8-049] Although the application of bacteriocins involves mainly food products, they have been proposed for the control of zoonoses.[@b131-idr-8-049],[@b132-idr-8-049] Still, preceding their application, the bacteriocins should be examined for their in vivo stability, the appropriate delivery route, and possible toxicity issues.[@b133-idr-8-049]

Another possible alternative to antimicrobials is the use of predatory bacteria. *Bdellovibrio* and associated organisms show potential in combating pathogenic bacteria in various niches, as they possess a full arsenal of DNases and proteases.[@b115-idr-8-049],[@b134-idr-8-049],[@b135-idr-8-049] *Bdellovibrio* and associated organisms show a nonspecific predation against Gram-negative bacteria.[@b134-idr-8-049] One of the main advantages of these predatory bacteria is that they can prey quite effectively even on bacterial biofilms.[@b115-idr-8-049],[@b135-idr-8-049] *Bdellovibrio bacteriovorus* and *Micavibrio aeruginosavorus* have been shown to prey on multidrug-resistant pathogens such as *A. baumannii*, *E. coli*, *Klebsiella pneumoniae*, *Pseudomonas aeruginosa*, and *Pseudomonas putida*, without being able to discriminate between antibiotic-resistant and antibiotic-susceptible strains.[@b134-idr-8-049] Another interesting factor of their biology is that they could serve both as antibiotic and probiotic organisms. The administration of *B. bacteriovorus* lowered the cecal carriage of *S. enterica*.[@b136-idr-8-049] In addition, they have been effectively used in treating ocular diseases such as the one caused by *Shigella flexneri* in rabbits and *Moraxella bovis* in cows.[@b137-idr-8-049] In contrast, there are some limitations concerning their possible application. Their predation on bacteria is not exhaustive, as a small number of bacteria remain. Although regarded as aerobic, or at least microaerophilic,[@b138-idr-8-049] they can destroy the natural flora of the body cavities.[@b134-idr-8-049] In addition, the predation in environments in which Gram-positive bacteria exist could lower the efficacy of predation.[@b139-idr-8-049] Therefore, it is evident that more research is needed toward the interaction among predatory bacteria, the host, and the commensal microbiota.[@b115-idr-8-049]

Measures to prevent emergence and transmission of antimicrobial-resistant bacteria
==================================================================================

The global situation concerning antibiotic resistance worldwide is at least alarming. In the present time, the recognition of the importance of antibiotic resistance is almost catholic. Therefore, certain measures have been implied by the states so as to mitigate this problem. In 2001, the World Health Organization has set the basis for the establishment of measures toward controlling antibiotic resistance.[@b140-idr-8-049] In summary, control measures should reduce the emergence and spread of antibiotic-resistant bacteria, improve use of antimicrobials, establish effective surveillance systems, enforce legislation, and encourage the development of new drugs and vaccines. More or less, these basic principles have been followed by both the European Union and the United States of America. The European Union, through the joint report by the European Centre for Disease Prevention and Control and the European Medicines Agency, has also expressed the urge for international cooperation so as to entrench antibiotic resistance. The White House has recently issued a national strategy plan for combating antibiotic resistance in which the goals issued have also added the necessity of international collaboration.[@b141-idr-8-049] Most interestingly, defined expected outcomes have been calculated in this national strategy plan. In both the European Union and the United States, the multidisciplinary collaboration is reported to be crucial, as summarized in the One Health initiative.

In 2011, more than 70 experts representing 33 countries have gathered in the Third World Healthcare Associated Infections Forum (WHAIF) which was dedicated to antibiotic resistance awareness and action.[@b142-idr-8-049] At the end of this forum, they have agreed on forming twelve actions by priority, which were also categorized according to the stakeholders that were addressed ([Table 3](#t3-idr-8-049){ref-type="table"}). The stakeholders involved were the national and international health authorities and policy makers, the medical and veterinary communities, the general public, and industry. These messages are reported in [Table 3](#t3-idr-8-049){ref-type="table"}. The results of the Third WHAIF have been received after 10 years from the World Health Organization and provide a revision of the World Health Organization principles. On the Fourth WHAIF, the priority actions agreed on during the Third WHAIF were reported as urgent after critical reconciliation of the findings reported by the participating experts.[@b70-idr-8-049]

Conclusion
==========

Antibiotic-resistant bacteria of animal origin are considered an important contributor to the overall phenomenon of resistance to antibiotics. Although the magnitude of their importance is still under debate, there are certain indications that show a direct link between resistance and antibiotic use in farm animals. However, this is not the issue: everyone who has used antibiotics has a share in the emergence of resistance, and because the situation is quite alarming, every effort should be made for the reversal of it. Judicious use of antibiotics in animals is a requirement to delay the emergence of bacteria resistant to the still-working antibiotics. The invention of novel drugs or the use of alternatives to antibiotics should also be encouraged. Still, the increased awareness of the scientific community and the stakeholders in general is both alarming and promising at the same time. The planning of future strategies has already taken place, and in general, it has been agreed on. Therefore, a combined international action is needed toward the solution of this problem.
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###### 

Sales (tons of active ingredient) of veterinary antimicrobial agents applicable mainly for food-producing animals, including horses, on average per European Union member state between 2005 and 2012[@b22-idr-8-049]--[@b25-idr-8-049]

  Antimicrobial class                                2005    2006    2007    2008    2009    2011    2012
  -------------------------------------------------- ------- ------- ------- ------- ------- ------- -------
  Tetracyclines                                      148.6   143.7   157.4   134.4   119.0   123.2   113.2
  Amphenicols                                        1.0     1.1     1.3     1.1     1.1     2.0     2.2
  Penicillins                                        34.7    35.7    35.0    35.7    37.1    77.9    68.5
  Cephalosporins (total)                             1.7     1.9     1.9     1.9     1.7     0.6     0.8
  First- and second-generation cephalosporins        1.3     1.3     1.3     1.1     1.3     0.3     0.3
  Third- and fourth-generation cephalosporins        0.4     0.4     0.4     0.4     0.4     0.6     0.5
  Sulfonamides and trimethoprim (total)              53.7    53.3    56.6    51.6    48.7    72.6    36.7
  Sulfonamides                                       46.0    45.7    48.9    44.6    42.0    36.3    31.8
  Trimethoprim                                       7.7     7.6     7.7     7.0     6.7     5.5     5.0
  Macrolides                                         21.3    24.0    24.4    23.3    21.0    27.2    24.5
  Lincosamides                                       2.3     2.0     2.0     1.7     1.7     9.7     9.0
  Aminoglycosides                                    14.6    14.4    13.9    13.0    13.0    6.6     11.2
  Quinolones (total)                                 4.6     4.6     4.4     4.0     3.3     10.9    7.2
  Fluoroquinolones                                   0.9     1.0     1.0     0.9     1.0     5.5     5.2
  Other quinolones                                   3.7     3.6     3.4     2.9     2.1     2.2     1.9
  Polymyxins                                         10.0    10.1    11.3    10.1    10.3    22.4    21.0
  Pleuromutilins                                     2.7     2.6     3.0     3.6     3.6     8.5     8.8
  Others[\*](#tfn1-idr-8-049){ref-type="table-fn"}   0.4     0.4     0.4     0.6     0.7     9.0     3.9
  Total                                              295.6   293.7   311.6   280.9   261.1   336.8   307.0

**Notes:**

Others include bacitracin, paromycin, spectinomycin, polymyxins, and amphenicols. Data were derived for cumulative reports involving seven European Union member states in 2005-2009, 25 in 2011, and 26 in 2012. Data from the European Medicines Agency.[@b22-idr-8-049]--[@b25-idr-8-049]

###### 

Antimicrobial drugs approved for use in food-producing animals actively marketed in the United States between 2009 and 2012 (tons of active ingredient)

  Drug class                                                                                      2009        2010        2011       2012
  ----------------------------------------------------------------------------------------------- ----------- ----------- ---------- -----------
  Aminoglycosides                                                                                 223.12      211.79      214.89     273.53
  Cephalosporins                                                                                  20.14       24.59       26.61      27.65
  Lincosamides                                                                                    93.33       154.65      190.1      218.14
  Macrolides                                                                                      562.06      553.23      582.84     616.27
  Penicillins                                                                                     691.64      884.42      885.3      965.2
  Sulfonamides                                                                                    505.9       517.13      383.1      493.51
  Tetracyclines                                                                                   5,260.99    5,602.28    5,652.85   5,954.36
  Ionophores                                                                                      3,739.35    3,820       4,122.4    4,573.79
  Not independently reported (medically important)[\*](#tfn2-idr-8-049){ref-type="table-fn"}      329.39      281.22      319.99     344.43
  Not independently reported (not medically important)[†](#tfn3-idr-8-049){ref-type="table-fn"}   1,161.54    1,237.78    1,190.94   1,151.53
  Total                                                                                           14,618.43   12,587.46   13,287.1   13,569.04

**Notes:**

Amphenicols, diaminopyrimidines, fluoroquinolones, and streptogramins;

aminocoumarins, glycolipids, pleuromutilins, polypeptides, and quinoxalines. Data from the FDA Center for Veterinary Medicine.[@b25-idr-8-049]--[@b28-idr-8-049]

**Abbreviation:** FDA, US Food and Drug Administration.

###### 

Priority actions agreed in the Third World Healthcare Associated Infections Forum

  Stakeholders                                                                                                                                                                                                                                                                Priority actions
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Policy makers and health authorities                                                                                                                                                                                                                                        1\. Animals. Stop the administration of antibiotics used in human medicine and limit antibiotics to therapeutic use only. It is imperative to reserve the most important classes of antibiotics for humans.
  2\. Banish, in all countries, the use of antibiotics as growth promoters in animal feed.                                                                                                                                                                                    
  3\. Regulate the sale of antibiotics for use in human medicine and prohibit over-the-counter sales worldwide.                                                                                                                                                               
  4\. Have international organizations (World Health Organization, European Union) develop a charter on good antibiotic stewardship and have all the ministries of health worldwide sign it and commit to respecting it.                                                      
  Human and veterinary health care communities                                                                                                                                                                                                                                1\. Establish standardized, universal surveillance of antibiotic use and resistance and monitor the emergence and spread of new forms of bacterial resistance.
  2\. Include, in medical and veterinary school curricula, a solid training in bacterial resistance and the prudent use of antibiotics, and establish on-the-job training programs for health care workers, taking into account the cultural specificities of each country.   
  General public                                                                                                                                                                                                                                                              1\. Develop culturally sensitive awareness campaigns, targeted to the general public, explaining the importance of protecting antibiotics and using them only when absolutely necessary.
  2\. Provide education about fundamental hygiene, such as handwashing, to prevent the spread of infection. It is imperative to improve sanitation systems to eliminate resistant bacteria in wastewater.                                                                     
  3\. Include consumers in the development and implementation of action plans.                                                                                                                                                                                                
  Industry                                                                                                                                                                                                                                                                    1\. Develop point-of-care and rapid diagnostic tests, which can be used at the patient's bedside or in the doctor's office, to guide the prescription of antibiotics and avoid their prescription for viral infections.
  2\. Stimulate research and development of novel antibiotics.                                                                                                                                                                                                                
  3\. Find new economic models that reconcile public health interests with Industry needs for profitability.                                                                                                                                                                  

**Note:** Data from Jarlier V, Carlet J, McGowan J, et al; Participants of the 3rd World Healthcare-Associated Infections Forum. Priority actions to fight antibiotic resistance: results of an international meeting. *Antimicrob Resist Infect Control*. 2012;1(1):17.[@b142-idr-8-049]
